Abstract. In this paper, the influence of transformer winding deformation on the equivalent electrical parameters is studied, and the proximity effect and skin effect caused by AC current in the wire are simulated. It is verified that the current distribution will be affected by the proximity effect and skin effect. This effect will lead to the change of the AC resistance of split conductor. An equivalent area method for the quantitative calculation of the high frequency resistance of windings is presented. It contributes to the analysis and diagnosis of transformer winding faults, especially the diagnosis of transformer winding deformation.
Introduction
Transformer is one of the key equipment in power system, the stable and reliable operation of transformer plays a very important role to the electric power system security. Under the action of the electric power and mechanical force, the size or shape of the winding of the electric power transformer under the action of the electric power and the mechanical force is changed, and the winding deformation is generated. In this paper, the influence of transformer winding deformation on the equivalent electrical parameters is studied and discussed.
A variety of calculation methods are given for the resistance of the wire such as transformer, reactor and so on [1] [2] [3] [4] . However, the effect of skin effect and proximity effect on the AC resistance of conductor is not considered [5] . When the conductor is in an alternating electromagnetic field, the current or magnetic flux distribution in the conductor is not uniform, the closer to the surface, the greater the current density or the magnetic flux density is, the phenomenon is called the skin effect. At the same time, when the conductor is close to each other through alternating current, the current distribution in each conductor and the current distribution is different, it will be affected by the proximity of the conductor, which is called "proximity effect". Skin effect is a complex problem, when the wire is thick, affect the calculation of AC resistance must be considering skin effect. The existing method generally does not consider the influence of the different proximity effects on the conductor's AC resistance, which is different from the conductor spacing. This paper presents a method for calculating the resistance considering the skin effect and the proximity effect. The method constructed an equivalent area function series to estimate trend of skin effect and proximity effect, it can accurately calculate the frequency range of different conductor AC resistance, in the lead optimization design, it can reduce material loss and power loss [6] , and can be suitable for the calculation in the analysis of power transformer and reactor equipment set of wires and conductors and bundle conductor calculation.
Effect of proximity effect and skin effect on the distribution of conductor current
The proximity effect and skin effect make the equivalent flow area decrease and the AC resistance increase. In this paper, the magnetic field and current distribution of a parallel conductor with circular cross section are analyzed by COMSOL. From the simulation results, it can be seen that the current density of the wire is very uneven, and the magnetic field and current density are concentrated to the outside. This effect will lead to the change of the AC resistance of split conductor.
This paper simulated the rectangular flat copper wire used in transformer and the results are as follows: The equivalent area sequence of the split conductor considering skin effect and proximity effect In order to calculate the AC resistance of the parallel array, this paper construct a sequence of equivalent area. The area varies with the spacing of the parallel wires. When the wire is almost close together, the proximity effect is the largest, and the equivalent area is minimum. When the distance between the wires becomes larger, the proximity effect is weakened, and the equivalent area is gradually increased, when the distance between the wires is infinite, there is no proximity effect, only the skin effect, the equivalent area is the largest. The construction method and calculation formula of the equivalent area are illustrated by the example of circular section and are shown in figure7. The current will be concentrated to the outside of the two conductor when the current through the exchange, as it shown in figure7. For circular conductor, the C1 point is the current action center. The C1 point as the center, with the wire radius as the radius to make a circle, the common part of the circle of the area of the circle and the outer diameter of the conductor is defined as the equivalent area SE1. Make a circle with a diameter of a wire's outer diameter, at the point of symmetry C of the C1 point in the circle. The area of the public part of the circle and the outer diameter of the conductor is equal to that of the C1.As shown in Figure 8 .
In order to construct a series of area which varies with the relative position of the coordinate, the C point is taken as the inversion point of the outer diameter circle of the conductor. So that
. When the two conductor is almost close together 2 ,0 h R b  , C points in the coordinates of the origin location, public area of two circle is the smallest, at this time the proximity effect is the largest. When the two conductor is infinitely far away, bh  , C point is coincides with the conductor center, the public area of the two circle is the largest, at this time there is no proximity effect, only exists the skin effect. When the distance between the two conductors is finite, the two circular common area is changed between the maximum and minimum, and the proximity effect and skin effect are combined. Thus, a sequence of equivalent area with the change of relative position of the two conductor is formed. 
Single conductor AC resistance and inductance in consideration of the skin effect
To the conductor which cross section is round, the formula of the AC resistance of the unit length can be derived from the basic principle of the electromagnetic field.
In which:
The DC resistance of the unit length of the ring shaped wire is:
In order to consider the proximity effect and skin effect of the wire by using the equivalent area sequence, the equivalent area of the wire can be obtained by using the AC resistance. Make 0  12  2  12  2  2  2  2  2  2  12  2  12 1 ()
Calculation and trend analysis of split conductor resistance
The calculation method used in this chapter is equivalent to the overhead transmission lines and the transformer winding conductors. Therefore, this paper uses ATP line parameters extraction to compare the resistance.
To two parallel solid conductors, calculate the resistance considering the skin effect and proximity effect in different H and different frequency (50Hz and 1000Hz) the comparison is shown in figure 9. It can be seen from the figure 9 that: 1. When the frequency of the current is increased, the AC resistance of the wire increases obviously due to the effect of skin effect. 2. With the change of the distance, the proximity effect will have different effects on the parallel conductor, especially when the conductor spacing is near, the influence of the proximity effect is very significant. 3. For considering the effect of skin effect and proximity effect, the AC resistance of split conductor is larger than that of pure skin effect.
Summary
In this paper, the influence of transformer winding deformation on the equivalent electrical parameters is studied, and the proximity effect and skin effect caused by AC current in the wire are simulated. It is verified that the current distribution will be affected by the proximity effect and skin effect. This effect will lead to the change of the AC resistance of split conductor. There are some conclusions as follows:
1. The high frequency resistance of the winding is influenced by the proximity effect of the wire, and changes with the change of the relative position of the coil.
2. An equivalent area method for the quantitative calculation of the high frequency resistance of windings is presented. A sequence of area decreasing with the relative position of the coil is constructed. When the coil is in normal arrangement, the area is the smallest, and the area is the largest when the coil is infinitely far away, and the area between the two is changed from large to small. The size of the AC resistance is reflected by the size of the equivalent flow area.
This paper contributes to the analysis and diagnosis of transformer winding faults, especially the diagnosis of transformer winding deformation.
